Abstract. Quantitative trait loci (QTLs) identified so far in Brassica were mainly generated in the final stage of plant development, which did not apply to the exploitation of genetic effects that were expressed during a specific developmental stage. Thus, the objective of this study was to simultaneously identify unconditional and conditional QTL associated with plant height at various stages of nonheading Chinese cabbage. One hundred twelve doubled haploid (DH) lines developed from the cross between nonheading Chinese cabbage lines 'SW-13' and 'SU-124' were used for QTL analysis of plant height by the composite interval mapping method combined with mixed genetic model. The map we used for QTL analysis was an updated version of the first genetic map of nonheading Chinese cabbage with 48 additional markers to the same DH population. With data from 2 years, a total of 11 unconditional QTLs in six linkage groups and 23 conditional QTLs in eight linkage groups were identified for plant height. The results indicated that the number and type of QTLs and their genetic effects for plant height were different in a series of measuring stages. Each QTL can explain 7.92% to 28.25% of the total phenotypic variation. Two QTLs (ph8-4 and ph8-5) were identified to be associated with plant height using both unconditional and conditional mapping methods simultaneously in 2 years. These results demonstrated that it is highly effective for mapping QTL of developmental traits using the unconditional and conditional analysis methodology. Many traits of agronomic importance are quantitative in nature and have complex genetic basis. The identification of quantitative trait loci (QTL) represents a first step toward dissecting the molecular basis of such complex traits. A prerequisite for QTL mapping studies is the availability of genetic maps, and many of these have been produced for
L. var. capitata L.), broccoli (B. oleracea var. italica Plenck), cauliflower (B. oleracea var. botrytis L.), kale (B. oleracea var. viridis L.), and rape seed (B. rapa L. subsp. rapa) (Nozaki et al., 1997) . Nonheading Chinese cabbage, which originated from China, is an important leafy vegetable in eastern Asia.
Many traits of agronomic importance are quantitative in nature and have complex genetic basis. The identification of quantitative trait loci (QTL) represents a first step toward dissecting the molecular basis of such complex traits. A prerequisite for QTL mapping studies is the availability of genetic maps, and many of these have been produced for Brassica rapa (Ajisaka et al., 1995; Choi et al., 2007; Chyi et al., 1992; Kim et al., 2006; Nozaki et al., 1997; Soengas et al., 2007; Song et al., 1991; Suwabe et al., 2006; Teutonico and Osborn, 1994; Wu et al., 2008; Zhang et al., 2006) . Geng et al. (2007) first constructed a genetic linkage map of nonheading Chinese cabbage containing new, distorted, and missing markers using the method of Zhu et al. (2007) . Knowledge of the location where these genes reside on the chromosomes would be useful to markerassisted selection, especially if easily measured molecular markers are closely linked to or associated with the specific QTL. In B. rapa, QTL analysis has been described for a wide variety of morphological and physiological traits such as seed color, pubescence, flowering time (Lou et al., 2007; Nozaki et al., 1995 Nozaki et al., , 1997 Song et al., 1995; Teutonico and Osborn, 1995) , oleic acid concentration (Tanhuanpaa et al., 1996) , linolenic acid content (Tanhuanpaa and Schulman, 2002) , clubroot resistance (Suwabe et al., 2006) , black rot resistance , and leaf mineral accumulation (Wu et al., 2008) , but no information has been reported for nonheading Chinese cabbage.
Plant height is one of the important agronomic traits for plant breeding in nonheading Chinese cabbage and is affected by various environmental factors, including maturing, planting density, and climatic circumstances such as light, temperature, and water supply. QTL analysis for plant height in B. rapa has been carried out by several research groups (Lu et al., 2002; Song et al., 1995; Teutonico and Osborn, 1995; Yu et al., 2003) . Usually, the phenotypic values for plant height at one specific developmental stage were used for QTL analysis. According to the rational points of developmental genetics, genes are expressed selectively at different growth stages. The conventional statistical results revealed that the development of morphological traits occurs through the actions and interactions of many genes that may behave differentially during growth periods and that gene expression is modified by interactions with other genes and by the environment (Atchley and Zhu, 1997) . The genetic model from the final character cannot fully reflect the real gene action during the development of the character (Wu, 1987) . It is necessary, therefore, to understand the dynamics of gene expression for a trait at different developmental stages as a basis for quantitative trait manipulation (Xu, 1997) . In the last decade, molecular markers were applied to map QTL and to estimate their effects in different developmental stages (Bradshaw and Stettler, 1995; Plomion et al., 1996; Price and Tomos, 1997; Verhaegen et al., 1997) . Zhu (1995) developed a genetic model to evaluate net genetic effects of quantitative traits at a specific developmental stage. This genetic effect is referred to as conditional genetic effect and the QTL that is detected at a specific growth interval with conditional genetic effect is referred to as conditional QTL. The phenotypic values of plant height are easy to score throughout the growth stage and have been used as model traits for time-dependent QTL mapping in rice (Cao et al., 2001; Yan et al., 1998) , maize (Liu et al., 2007; Yan et al., 2003) , and soybean . So far, no report has explored the developmental behavior of quantitative traits with molecular markers in Brassicas.
The objectives in this study were to add more molecular markers in the first genetic map of nonheading Chinese cabbage using the same doubled haploid (DH) population and to identify QTL for plant height using unconditional and conditional mapping method simultaneously in a series of measuring stages.
Materials and Methods
Plant materials. The mapping population, consisting of 112 DH lines, was produced from a cross between two high inbred line parents, SW-13 and SU-124, through microspore culture of the F 1 'Shulv'. To produce a set of genetically uniform F 1 progeny, the cross was carried out by bud pollination with emasculation of SW-13 flowers. A genetic map with 138 markers was previously produced using this 'Shulv' DH population (Geng et al., 2007) .
Construction of genetic linkage map. Leaf tissues were collected from the parents and 112 'Shulv' DH lines, immediately frozen, and later ground to powder in liquid nitrogen. Genomic DNA was extracted using the CTAB method (Murray and Thompson, 1998) with modification. The concentration of DNA was estimated using known concentration of lambda DNA in 1% (w/v) agarose gel. The two parents were screened for polymorphism with sequence-related amplified polymorphism (SRAP), simple sequence repeat (SSR), random amplified polymorphic DNA (RAPD), and intersimple sequence repeat (ISSR) primer combinations (primers). The sequences of SRAP primers were provided by Dr. G. Li at the University of Manitoba, Canada. Primer sequences for SSR markers were obtained from Brassica microsatellite information exchange (http://www.brassica. info/ssr/SSRinfo.htm) and Cui et al. (2008) . The sequence of RAPD and ISSR primers were obtained from Nanjing Sunshine Biotechology Co., Ltd. (Nanjing, China). The protocol of SRAP, RAPD, ISSR, and SSR markers assay was carried out as described by Geng et al. (2007) . All these polymorphic markers between parents were tested against the DH line population. Genotypic data from the existing nonheading Chinese cabbage map with 77 SRAP markers, 27 SSR markers, 21 RAPD markers, and 13 ISSR markers were used together with the new additional SRAP, SSR, RAPD, and ISSR markers to construct a linkage map with software MAPMAKER 3.0/ EXP (Lander et al., 1987) . Final map distances were calculated by applying the Kosambi function (Kosambi, 1944) .
Field trials. Field trials were carried out over 2 years (2006 and 2007) from early September to middle December in Nanjing, China. All 112 DH lines, together with their parents and F 1 , were grown in a randomized complete design with two replications. Thirty dry seeds were sown in a 10-inch pot and seedlings were transferred to a higher field (20 cm higher than general field) 25 d later with a single plant spaced at 20 · 25 cm. Plant height was defined as the length from the surface of the soil to the tip of the plant. The day before transplanting, the first-stage data were measured from the central five plants (fixed throughout all measuring stages) from each plot. Ten days after transplanting, plant height was measured every 7 d until the middle of December. A total of eight different measurements were taken during the whole growth period of nonheading Chinese cabbage. Fertility and cultivation regimes were consistent with optimum production of nonheading Chinese cabbage for these regions.
Quantitative trait loci analysis. Phenotypic data for plant height in 'Shulv' DH population were analyzed by SPSS version 12.0.1 statistical package (SPSS Inc., Chicago, IL).
The analysis of unconditional and conditional QTLs was performed using QTL Cartographer with the composite interval mapping (CIM) module (Basten et al., 1996) . Window size was 10 cM and 5 cM, respectively. The threshold of QTLs score was identified by 1000 permutations using the Zmapqtl program in QTL Cartographer (Churchill and Doerge, 1994) . A limit of detection (LOD) value corresponding to an experiment-wise threshold of a = 0.05 was used to declare a QTL as significant. The QTL position was estimated with the point of maximum LOD score in the region.
Unconditional QTL mapping was conducted based on phenotypic value at time t[y(t)] (Zeng, 1993 (Zeng, , 1994 , in which the genetic effect was the accumulative of the individual gene effect from the initial time of plant growth to a time point t:
where y j(t) is the phenotypic value of the jth individual measured at time t; b 0(t) is the population mean at time t; b Ã ðtÞ is the accumulated QTL effect at the time t; X Ã ðtÞ is the coefficient for QTL effect; b i(t) is the accumulated effect for the ith marker at the time t; X ij is the coefficient for the ith marker effect; and e j(t) is the residual error of the jth individual at the time t.
Conditional phenotypic mean [y(t|t-1)], in which the genetic effect contributed by the specific developmental stage between time t-1 to time t (Zeng, 1993 (Zeng, , 1994 :
where y j(t|t-1) is the conditional phenotypic value of the jth individual; b 0(t|t-1) is the conditional population mean; b
Þ is the conditional QTL effect; b i(t|t-1) is conditional effect for the ith marker; and e j(t|t-1) is the conditional residual error of the jth individual.
Conditional QTL analysis was conducted according to CIM along with the statistical method for the analysis of time-independent genetic effects (Zhu, 1995) .
Results
Construction of genetic linkage map. As illustrated in Figure 1 , the linkage map covered 1923.7 cM of the genome of nonheading Chinese cabbage, and the average distance between markers was 10.3 cM and the total number of markers to 186. A variety of different types of molecular markers were used in the construction of the linkage map for the 'Shulv' DH population. Forty-eight newly genotyped markers (37 SRAPs, six SSRs, three RAPDs, two ISSRs) were integrated into Geng et al.'s (2007) previous map. The distribution of the individual marker types varied along the linkage groups (Fig. 1) . The new genotyped markers located across 10 linkage groups ranged from three to 11.
Phenotypic variation. The phenotypic values of plant height for 'Shulv' DH population, F 1 , and their parents in eight measuring stages were collected in 2 years (Table  1) . Compared with SW-13, parent SU-124 had always higher plants at all stages in 2 years. 'Shulv' DH population, F 1 , and their parents had a slightly different plant height in 2007 and in 2006. F 1 showed obvious heterosis for plant height from the third stage. After the fifth stage, the growth of the plant became slower than former stages in 2 years, and it was the typical growth characteristics of the developmental trait (Wu et al., 2002) . The plant height of the DH population segregated continuously and both skewness and kurtosis values were less than 1.0 in all measuring stages in 2006 and 2007. The data showed that the segregation of plant height fit a normal distribution for all growth stages. Transgressive segregants, with a plant height higher than parent SU-124 or lower than SW-13, were observed at all measuring stages in 2 years.
Unconditional quantitative trait loci for plant height development. The unconditional QTLs affecting plant height at different developmental stages in 2 years are presented in Table 2 and Figure 1 . There were three, three, seven, three, three, four, five, and two unconditional QTLs detected in 2006 for each developmental stage, respectively, although two, one, three, one, one, one, five, and four unconditional QTLs were detected in 2007 for each developmental stage, respectively. The eight unconditional QTLs in 2006 were mapped on four linkage groups (LG2, LG3, LG4, and LG8), and the seven unconditional QTLs in 2007 were mapped on five linkage groups (LG2, LG3, LG8, LG11, and LG14). Maximum number of seven unconditional QTLs was found at the third stage in 2006 and five unconditional QTLs at the seventh stage in 2007. In 2006, two of eight unconditional QTLs (ph4 and ph8-1) were detected at only one developmental stage (seventh and third), whereas the other six unconditional QTLs (ph2-5, ph3-7, ph8-2, ph8-3, ph8-4, and ph8-5) were detected more than once at different measuring stages. In 2007, two of seven unconditional QTLs (ph8-2 and ph14-2) were only detected at the seventh stage, whereas the other five unconditional QTLs (ph2-5, ph3-4, ph8-4, ph8-5, and ph11) were detected more than once at different measuring stages. The contributions of these unconditional QTLs to phenotypic variance were 12.78% to 28.22% in 2006 and 7.92% to 28.25% in 2007. The additive effects of these unconditional QTLs were from -1.87 to 1.33 in 2006 and from -1.96 to -0.72 in 2007. There were four unconditional QTLs (ph2-5, ph8-2, ph8-4, and ph8-5) could be detected in both 2 years, although the significant stages showed some difference between the 2 years.
Conditional quantitative trait loci for plant height development. The analysis of conditional QTLs based on conditional phenotypic mean [y j(t|t-1) ] was the result of the real temporal patterns of gene expression and provided inference for the net gene effects between time t-1 and t. The conditional QTLs affecting plant height at different developmental stages in 2 years are presented in Table 2 and Figure 1 . There were three, zero, one, two, three, two, two, and two conditional QTLs detected in 2006 for each developmental stage, respectively, although three, one, one, two, four, zero, one, and two conditional QTLs were detected in 2007 for each developmental stage, respectively. The 15 conditional QTLs in 2006 were mapped on seven linkage groups (LG1, LG2, LG3, LG5, LG8, LG10, and LG14), and the 12 conditional QTLs in 2007 were also mapped on seven linkage groups (LG1, LG2, LG3, LG8, LG10, LG11, and LG14). Maximally, five conditional QTLs were found on LG3 covering four measuring stages in 2006, whereas three conditional QTLs were found on LG3 and LG8 in 2007. The contributions of these unconditional QTLs to phenotypic variance were from 8.05% to 24.33% in 2006 and from 7.92% to 19.21% in 2007. The additive effects of these unconditional QTLs were from -1.29 to 0.49 in 2006 and from -1.16 to 0.49 in 2007. There were five conditional QTLs (ph3-5, ph8-4, ph8-5, ph10, and ph14-1) could be identified in both years, although the significant stages showed some difference between the 2 years. All of the conditional QTLs in 2006 could be identified only at one specific stage, whereas two conditional QTLs (ph2-2 and ph2-4) could be identified at two different stages in 2007.
Discussion
In the present study, the previous map (Geng et al., 2007) was saturated with 48 markers using the same DH population. This has resulted in an increase in the total number of markers to 186. The map spans 1923.7 cM and the markers are distributed over 14 linkage groups. Seven of these 14 linkage groups have more than 18 markers each, whereas the others contain only 10 or fewer markers. The average distance between the markers in our map is 10.3 cM, which is shorter than that reported in the previous map (Geng et al., 2007) . However, the expected number of 10 linkage groups for a comprehensive linkage map of nonheading Chinese cabbage (2n = 2x = 20) was exceeded by four linkage groups, of which one linkage group had only four markers. Because some linage groups are extremely small, it is safe to conclude that the apparent excess of linkage groups might be the result of incomplete coverage of the genome with the marker loci. To increase the map coverage, further research needs to be done through adding more individuals in the DH population, developing more molecular markers, and using different types of mapping populations such as F 2 , recombinant inbred lines, and backcrosses.
According to the theory of developmental genetics, different genes express dynamically at different growth stages. Previous researches on QTL for plant height in B. rapa were focused on a single developmental stage, in which most of the genetic information was undetected. Song et al. (1995) mapped three QTLs for plant height in the F 2 population of turnip rape and yellow sarson. Lu et al. (2002) mapped three QTLs for plant height in an F 2 population of turnip and pakchoi. Yu et al. (2003) mapped six QTLs for plant height in RIL of Chinese cabbage. In this study, a total of 11 unconditional and 23 conditional QTLs for plant height were identified on nine linkage groups in 2 years. The numbers of QTLs related to plant height for nonheading Chinese cabbage as well as their genetic effects were varied at different measuring stages. Similar results have been observed in mapping QTLs for plant height of rice (Cao et al., 2001 ). This confirms the earlier statistical analysis results that gene action is distinct at various developmental stages, and genetic models of the final character cannot fully reflect the real action of genes during the development of the character (Xu and Shen, 1991; Zhu, 1995) .
Our results reveal that gene expression exhibited multiple patterns. Some gene effects maintain for a longer time and others disappear quickly. For instance, QTL ph2-2 was identified at two consistent stages of plant development in 2007, which could reflect a continuous expression of genes and QTL ph8-4, on the other hand, was identified at only one stage, which indicated gene expression at a specific measuring stage. Sun et al. (2006) made the similar conclusion for plant height in soybean. In contrast with our results, some QTLs developed for the number of rice tillers existed consistently for more than five measuring stages (Yan et al., 1998) . The differences might be the result of the different nature for trait and background of genetic in monocot and dicot plants . QTL · environment interaction is an important component affecting trait development, especially quantitative traits. QTLs detected explain the low percentage of the total phenotypical variance (7.92% to 28.25%), and this suggests the complex genetic control of plant height in this population. QTL detected in one environment but not in another environment may indicate a strong QTL · environment interaction Lee, 1996a, 1996b) .
Because negative additive effects meant the taller parent SU-124 provided the alleles to increase plant height, it is not surprising to find that all of the unconditional QTLs (except ph4 in 2006) and two-thirds of the conditional QTLs detected in 2 years had negative additive effects. However, we still found that the shorter parent SW-3 also provided the alleles to increase plant height. That means the alleles increasing plant height come from two parents synchronously (Xu, 1997) and reveals the genetic basis for the production of the transgressive segregation for plant height in the DH population. Furthermore, parental contribution of alleles at the same map position also changed along with the development of the trait. For example, conditional QTL ph2-4 with opposite genetic effects was detected for fifth and seventh stages in 2007. Similar gene expression patterns have also been observed in conditional QTL mapping for tiller number in rice (Yan et al., 1998) .
Conditional QTL associated with plant height was mostly different from their unconditional QTL. In the present study, only four QTLs (ph3-4, ph3-7, ph8-4, and ph8-5) detected were identical in both conditional and unconditional cases. Sun et al. (2006) reported a similar result for soybean pod number. The reason that the unconditional QTL is not be detected by the conditional method can be the minute expressions of the QTL at the multiperiod. On the other hand, some QTLs undetected by the unconditional method are detected by the conditional method. This can be explained by the fact that the net effects of QTL from time t-1 to t are partially counteracted by the accumulated effects before time t-1, and thus the QTL failed to be detected at time t because the accumulated effects of them at this stage are too small. It is therefore suitable that the unconditional mapping method combined with the conditional mapping method is used in searching QTL. QTL names are abbreviations of the trait for plant height followed by its respective linkage group number. The serial number was added after the chromosomal number if more than one QTL was found in one linkage group. y Unconditional QTL. x Conditional QTL. w Maximum-likelihood logarithm of the odds of linkage (LOD) score for the individual QTL. v Proportion of the phenotypic variation explained by the QTL. u Positive value implies that SW-13 has a positive effect on plant height and negative value implies that SU-124 has a positive effect on plant height.
In our study, two QTLs (ph8-4 and ph8-5) were identified to be associated with plant height by unconditional and conditional mapping methods simultaneously in 2 years. These two QTLs could be the key genetic region (BrH80A08_FLC/em4me7-1) to control plant height in nonheading Chinese cabbage. However, the comparison of the present results with those reported previously in Chinese cabbage is difficult, because different markers and nomenclatures are used in different experiments. Although these regions need to be more precisely mapped, the information obtained should help in identification of candidate gene for plant height in nonheading Chinese cabbage.
